Abstract: Long period fiber gratings in hollow-core air-silica photonic bandgap fibers were produced by use of high frequency, short duration, CO 2 laser pulses to periodically modify the size, shape and distribution of air holes in the microstructured cladding. The resonant wavelength of these gratings is highly sensitivity to strain but insensitive to temperature, bend and external refractive index. These gratings can be used as stable spectral filters and novel sensors.
Introduction
Since the first demonstration of light guiding in an air-core photonic bandgap fiber (PBF) [1] , tremendous progress has been made in the understanding, design and fabrication of such fibers [2] [3] [4] . Practical PBFs with loss as low as 1.2dB/km has been reported [5] . The guiding of light in air has a number of advantages such as lower Rayleigh scattering, reduced nonlinearity, increased damaging threshold, novel dispersion characteristics and potentially lower loss compared to conventional optical fibers. These properties are likely to have a lasting effect on optical signal transmission, high power laser pulse delivery and shaping, etc. [6] [7] . The hollow-core characteristic of the PBFs also allow strong light/material interaction inside the fiber-core over an extended length, which offers a new platform for developing ultra-sensitive and distributed gas and liquid sensors [8] [9] and for studying nonlinear optics for gases [10] . To increase the impact of the technology, in-fiber components such as wavelength/polarization selective filters are required for manipulating light of different wavelengths/polarizations. Such components have been well developed for conventional glass fiber technology but are not yet available in the format of hollow-core PBFs. We report here long period fiber grating (LPFGs) filters made by periodically modify the cladding holes of an air-core PBF.
LPFGs have been made in conventional single mode fibers (SMFs) [11] [12] , index-guiding photonic crystal fibers (IG PCFs) [13] [14] [15] [16] as well as solid-core PBFs made by filling high index fluid into the holes of IG PCFs [17] . The principal mechanisms for the LPFG formation in such solid core fibers are refractive index variation of core (sometimes also cladding) material through UV photo-sensitivity, external applied stress, residual stress-relaxation and/or glass structural change [11] [12] [13] [14] [15] [16] [17] . However, so far no report on gratings formed in aircore PBFs, probably due to the difficulty in introducing refractive index modulation into airholes in which over 95% light energy of the fundamental mode is located. In the following sections we describe the process for fabricating LPFGs in air-core PBFs, discuss the possible mechanism of grating formation and study the response of these LPFGs to strain, temperature, bend and external refractive index.
Fabrication of LPFGs
An experimental setup similar to that in [12] was used to fabricate LPFGs in hollow-core PBFs. A pulsed CO 2 laser is used to modify the micro-structures along the fiber, and an Erdoped ASE source and an optical spectrum analyzer (OSA) are employed to observe the evolution of transmitted spectrum during LPFG fabrication process. The fiber samples used here are Crystal-Fiber's HC-1500-02 PBFs [18] with a cross-section shown in Fig. 1(a) . The PBFs are spliced to Corning SMF-28 fibers at both ends for connections to the ASE source and the OSA. The CO 2 laser emits pulses with a width of 2.2μs, a repetition rate of 10kHz and an average power of ~ 0.2W. The CO 2 laser beam was focused to a spot of ~ 35μm in diameter and the PBF was placed on the focal plane of the beam. The CO 2 beam is scanned, via a computer controlled two-dimensional optical scanner, transversely across the PBF to make a grating notch. The line speed of scanning is 2.9mm/s, the accumulated time for laser pulses to hit a particular point on the fiber surface is estimated to be 265.6μs. These highfrequency, short duration, CO 2 laser pluses hit repeatedly on one side of the PBF and induce a local high temperature, causing ablation of glass on the surface and change of shapes, sizes, locations, and even complete collapse of some of the air holes in the cladding [ Fig. 1(b) ]. This results in a notch being created on the surface of the fiber [ Fig. 1(c) ]. The laser beam is then moved longitudinally along the fiber by a grating pitch Λ and the same process is repeated to create the 2nd, 3rd, and Nth notches. An LPFG with N notches or N periods is then produced. This process of making N notches is called one scanning cycle. The notch depth can be increased by having more scanning cycles. As a result, periodic notches with required depths are created along the fiber surface. Fig. 1(c) show the periodic notches created on a PBF after 50 scanning cycles. The cross section, as shown in Fig. 1(b) , of the PBF at the notched region is asymmetric due to the collapse of air holes and the ablation of glass on one side of the fiber. The outer rings of air holes in the cladding, facing to the CO 2 laser irradiation, were largely deformed; however, little or no deformation were observed in the innermost ring of air-holes and in the hollow core. The width and depth of the notches are ~60μm and ~15μm, respectively. Figure 1(d) shows the measured transmitted spectrum of a 40-period LPFG made by the above process. The 3dB-bandwidth is ~5.6nm, which is much narrower than that of the LPFGs with same number of grating periods in conventional SMFs [11] [12] and in IG PCFs [13] [14] [15] [16] and can be further narrowed down by increasing the number of grating periods. The insertion loss of the LPFG is very low (<0.3dB), because most light is guided in the hollowcore where no deformation was observed. A proper choice of the fabrication parameters is critical for the fabrication of such a high-quality LPFG. High energy pulses with a long irradiation time may cause large deformation or collapsing of the holes and thus a higher insertion loss, while low energy pulses with short irradiation time maybe insufficient to inscribe an LPFG on the PBF. The LPFG writing process is quite repeatable in terms of resonant wavelength but the depth of the resonance shows some variations for the same number of scanning cycles. This is because that the CO 2 laser power fluctuates up to ±10% over a period of several minutes and a laser with better stability would overcome this problem.
Mechanism of LPFG formation
Periodic perturbations along the axis of fiber are required to achieve resonant mode coupling in an LPFG. For the LPFG shown in Fig. 1(d) , the required periodic perturbations could be due to two factors: the stress relaxation induced refractive index perturbation of glass material and the changes in air-hole sizes, shapes and locations that perturb the waveguide (geometric) structure. Residual stress exists in glass after a preform comprising of stacked capillaries was drawn to a PBF. The irradiation of CO 2 laser beam on the fiber induces localized high temperature and relaxes the residual stress around the notched region, resulting in refractive index perturbation of glass due to the photo elastic effect [12, 19] . However, as most light power of the fundamental mode (>95%) is in the air region [18], the effect of stress relaxation on the mode index is expected to be much smaller than that for conventional fibers and solid core PCFs. On the other hand, as shown in Fig. 1(b) , the collapse of air-holes in the cladding results in a change in the shapes, sizes and locations of air-holes, which change the air-filling fractions and the waveguide structure and perturbs the mode fields and effective indexes of the core, surface and cladding modes. There could also be weak deformation of the hollowcore, although it is not observable in our experiments. We believe that the periodic perturbation of the waveguide (geometric) structure is the dominant factor that causes resonant mode coupling, although the stress relaxation-induced index variation may also contribute a little. The observed resonances in Fig. 1(d) could be due to coupling of the fundamental mode to leaky higher order (core or surface-like) modes that are directly lost; however, as the core and the surface-like modes are guided modes that are confined by the holey photonic crystal cladding, it seems unlikely that these modes are lost over a short length (5 to 15cm) of fiber and to induce significant loss dips in the transmitted spectrum. Alternatively a two-step coupling process might be involved: light satisfying the phase matching condition is coupled from the core mode to higher order core or surface-like modes due to the spatial overlap of these modes at the perturbed region, and then to quasi-continuum of extended modes and eventually lost. This process may be regarded as similar to the loss mechanism of PBFs at an anti-crossing point [3, 20, 21] , however, we here are working in a wavelength range away from the anti-crossing points and phase matching is not satisfied under normal conditions but is achieved through a periodic perturbation of the waveguide structure, i.e., a LPFG in the fiber. Further investigation is needed to understand the exact coupling process involved.
To investigate the phase matching condition as function of wavelength, six LPFGs with different pitches and the same number of grating periods were written in the PBF. The measured resonant wavelength as functions of the grating pitch is shown in Fig. 1(e) , the resonant wavelength decreases with the increase in grating pitch, which is opposite to the LPFGs in the conventional SMFs [11] [12] . For each of the LPFGs, two attenuation pits, as shown in Fig. 1(e) , were observed within 1500 to 1680nm, indicating that the fundamental mode is coupled to two different higher order (core or surface-like) modes.
We studied in detail the mode coupling in the LPFG by cutting the PBF at various notches and recording the near field images by use of a microscope with its eyepiece lens replaced by an infrared camera. A wavelength tunable laser was used as the light source to illuminate the PBF via a lead-in SMF-28 fiber and some of the recorded images are shown in Fig. 2 . Before the LPFG was created, the light intensity is mainly in the fundamental mode [ Fig. 2(a) ]. With an increase in the number of grating pitches, for the input light at resonant wavelength of 1523.1nm, light energies near the core-cladding interface and in the holey cladding region are gradually enhanced whereas that in the fundamental mode is reduced, as can be seen from Figs. 2(b) and 2(c). At the 19th notch, most energy in the fundamental mode is coupled out so that the light energies near the core-cladding interface and in the holey region were clearly observed and light intensity at the center of hollow core becomes very weak. Light coupled into the cladding region is mainly distributed within the holey cladding region as outlined by the dashed curve, and the energy in the side facing to CO 2 laser irradiation is stronger than that in the opposite side. The near field images with weak intensity at the core center are believed to be the second order core modes (TE01, TM01 and HE21), these modes can not be seen in the present of strong fundamental mode, but become apparent with the reduction of fundamental mode intensity. Away from the resonant wavelength, e.g. at 1540.0nm [ Fig.  2(d) ], light power is mainly in the fundamental mode inside the hollow-core and no clear cladding mode was observed. th notch when the light wavelength was tuned to 1540.0nm. The transmitted spectrum of the LPFG is illustrated in Fig. 1(d) . The dot-dashed circle and the dashed curve in (c) outline the cross-sections, as illustrated in Figs. 1(a) and 1(b) , of air-hole region before and after the CO 2 laser irradiation, respectively.
The existence of the second order core modes was further verified through the study of another sample comprising a 1.1m HC-1550-2 PBF pigtailed at both ends by SMF28 fibers. Figure 3(a) shows the spectrums recorded with an OSA with a resolution of 0.01nm. Background oscillations or ripples are observed in transmitted spectrums of the PBF, either with or without an LPFG. The ripples appearing in both spectrums have the same period and are obviously due to modal interference as no polarizing element was inserted into the system. This observation agrees with the findings by others in which the HC-1550-2 fiber, although it is designed to be single mode, actually supports both the fundamental and the second order modes [3, 20] . The ripples' amplitude in dB [black and pink traces in Fig. 3(a) ] becomes bigger after the LPFG was written, this is because, without the LPFG, the power in the second order modes is much lower than in the fundamental mode and the interference fringe contrast in dB is low; the LPFG resonantly couples out the power in the fundamental mode and reduces it to a level similar to that of the second order modes, which increases the fringe contrast in the dB scale. The ripples amplitude in a linear scale (blue and red traces in Fig.  3(a) ), which represents that absolute value of the fringe amplitude, is actually bigger without the LPFG. The ripples are amplitude-modulated as can be seen clearly in the "pink" spectrum in Fig. 3(a) . This is because the PBF is birefringent due to unintentional deformation in the drawing process [22] and the superposition of two sets of interference fringes; each corresponds to a different polarization state and has a different period, results in an amplitudemodulated beating signal [23] . Figures 3(b) , 3(c), and 3(d) illustrates far field images of the LPFG when the input light wavelength was tuned to around points labeled as 'b', 'c' and 'd', respectively, in the ovalinsert in Fig. 3(a) . These images were observed via a system comprising of a tunable laser and an infrared camera. The PBF was cut near the lead-out SMF28 fiber and at a distance of ~5mm away from the LPFG. The length of the PBF with LPFG is then slightly shorter than the original pigtailed samples and is ~1m. It can be seen from Fig. 3(a) that the intensity transmitted through the PBF is periodically modulated as approximately sinusoidal function of wavelength due to the mode interference. The relative intensities of the "lobes" shown in Figs.  3(b) , 3(c), and 3(d) actually vary alternatively when the wavelength was tuned and we only recorded those images where the two lobes have similar intensities, which occurred only once within each period. The images shown in Figs. 3(b), 3(c) and 3(d) are the typical two mode interference patterns [23] . When the wavelength is tuned far from the resonant wavelength, e.g., at 1640.92nm, as shown in Fig. 3(e) , the observed far field image is the familiar fundamental mode pattern as the power of the second order modes is significantly lower than the fundamental mode. 
Characterization of LPFGs
The polarization dependent losses (PDLs) of the PBF sample in Fig. 3 , with and without the LPFG, were measured by the Agilent 81910A photonic all-parameter analyzer. As shown in Fig. 4(a) , the PDL of the PBF without LPFG is 0.6±0.5dB and is increased to as high as 25dB around the resonant wavelength after an LPFG was written. This is much larger than that of the CO 2 -laser-induced LPFGs in conventional SMFs (~1.2dB) [24] . The large PDL is believed to be due to the significant asymmetry in waveguide cross-section [ Fig. 1(b) ] caused by the changes and collapses of air holes, which induces large birefringence and asymmetrical mode field profile. Strong PDLs were also observed in mechanically induced LPGs on hollow fibers with a ring core, and hexagonal-and circular-boundary holey fibers [25] .
The responses of the LPFG in the air-core PBF to strain, temperature, bend and external refractive index are also investigated. The temperature sensitivity of the resonant wavelength and the peak transmission attenuation are respectively ~2.9pm/°C and -0.0051dB/°C [ Fig.  4(b) ]. The wavelength sensitivity is one to two orders of magnitude less than those of the LPFGs in the conventional SMFs [11, 26] . When the curvature of LPFG was increased to 13.3m -1 , the resonant wavelength and the peak transmission attenuation changed by only ±8pm and 0.71dB [ Fig. 4(c) ], respectively. The wavelength sensitivity to bend is three to four orders of magnitude less than those of the LPFGs in the conventional SMFs [27, 28] . In addition, when the LPFG in the PBF was immerged into the refractive index liquids (from Cargill Labs) with indexes of 1.40, 1.45 and 1.50, respectively, the resonant wavelength and peak transmission attenuation hardly changed, whereas the LPFGs in the conventional SMFs are very sensitive to external refractive index, especially when the index is about 1.45 [11] .
These stable optical features are advantage to their applications in the optical devices and sensors. With the increase of applied tensile strain, the resonant wavelength of our LPFG shifted linearly toward shorter wavelength with a strain sensitivity of -0.83nm/mε and the peak transmission attenuation was decreased with a sensitivity of 2.03dB/mε [ Fig. 4(d) ]. The wavelength sensitivity to strain is two times higher than that of LPFGs in conventional SMFs [11, 26] , indicating that our LPFG may be used as a strain sensor without cross-sensitivity to temperature, curvature, and external refractive index. Fig. 4. (a) . PDL of PBF with and without an LPFG. The LPFG sample is the same as in Fig. 3 . Measured resonant wavelength and peak transmitted attenuation of the LPFG as functions of temperature (b), curvature (c), and tensile strain (d).
Conclusion
High-quality LPFGs were produced in air-core PBFs by use of high frequency short duration CO 2 laser pulses to periodically vary the size, shape and location of the air-holes in the holey cladding. The variation of cladding holes changes mainly the waveguide structure, instead of the refractive index of the materials forming the waveguide. This is different from LPFGs inscribed in solid core fibers in which the main perturbation is on the refractive index of the materials forming the fiber. Although the mechanism for resonant mode coupling is not well understood yet and further investigation is needed, we suspect that a two-step process could be involved: the fundamental core mode is coupled to discrete higher order (core or surfacelike) modes and then to lossy quasi-continuum of cladding and radiating modes. The LPFGs in hollow-core PBFs have unique properties such as very large PDL, very small sensitivity or insensitivity to temperature, bend and external refractive index, and large strain sensitivity. These novel LPFGs will find applications in both optical devices and sensors.
